This letter reports on the self-alignment of glass spheres using a liquid interacting with an electric field for surface modification. The liquid is electrically attracted and trapped between the glass spheres as a result of the electromeniscus phenomenon. The liquid between the spheres removes the electric charge on the spheres, enhances the attractive forces between the spheres, and works as a lubricant for their smooth alignment. These roles of the liquid enable the electric field to smoothly self-assembly glass spheres three-dimensionally. The three-dimensional self-assembly of glass spheres will greatly contribute to the fabrication of micro-optics and biomedical devices using a laser.
A remarkable step forward in nanotechnology occurred with the discovery of carbon nanotubes ͑CNTs͒. The production, fabrication, and manipulation of CNTs have typically been conducted in a vacuum. However, recent developments in hydrodynamics clearly demonstrate that the controlling of liquid dynamics could be a useful method in nanotechnology. Darhuber et al. cleverly controlled a nanoliter liquid with chemical surface patterning using low voltages. 1 Hirsa et al. fabricated capillary switches using water droplets and air pressure. 2 The recent development of self-assembly techniques also confirms the usefulness of electrohydrodynamics for nanotechnology. Hayward et al. demonstrated an assembly process for polystyrene spheres and produced patterns using UV light. 3 Sapozhnikov et al. reported the creation of selfassembled dynamic chains of conductive microparticles. 4 These methods would be particularly suitable for fabricating the hydrogen sensors and switches developed by Favier et al. 5 However, applying these techniques to the assembly of glass spheres, which are widely used in micro-optics and biomedical devices, 6 would not be suitable because of their dielectricity and the intense electric charges on the glass. 7 Shelton et al. applied water to remove electrical charges on a glass rod, and studied the motion of optically trapped nanoglass using a laser. 8 Their study could be applicable to the nanoscale surface modification demonstrated by Theppakuttai and Chen. 9 Chen's group fabricated borosilicate glass by shining a YAG laser from the back side of the glass to minimize the scattering effect, an important factor in the fabricating micro-optics and biomedical devices. 6, 9 The focus of our current research is on the analysis of liquid dynamics in an intense, asymmetrical electric field used for nano-and microscale surface modifications. We erected a CNT on borosilicate glass using an interesting liquid dynamics called the electromeniscus phenomenon 10 ͑Fig. 1͒. This phenomenon also made it possible to synthesize new polymers from alcohol for hydrogen storage 11 and for the fixation of atmospheric nitrogen. 12 In this letter, we demonstrate the smooth self-alignment of microscale glass spheres using the electromeniscus phenomenon. This approach will be useful for aligning various sizes and shapes of nano-and microparticles in desired sites on various substrates, where this cannot be achieved by present selfassembly techniques. 3, 4 The electromeniscus phenomenon and the smooth selfalignment of glass spheres were observed using the apparatus depicted in Fig. 1͑a͒ 50/ 50 volume percent of ethanol and distilled water was supplied to the side of the glass rod from an injector through a glass tube with an inner diameter of 15 m, forming a hemispherical liquid surface 50 m thick. The electrodes were mounted on XYZ stages to allow adjusting their relative positions. A generator was connected between the electrodes, and a sinusoidal electric potential of 0.5 kV was applied. An optical microscope was provided for directly observing the dynamics of liquid and glass spheres. The experiments were performed in air, with temperature and humidity at 26°C and 50%, respectively.
High-speed camera images revealed an interesting liquid dynamics: the liquid surface formed a flattened triangular pyramid when a sinusoidal electric potential of 125 Hz was applied ͓Fig. 1͑b͒, black arrow͔. However, the oscillating surface area was reduced to a high-aspect meniscus and flew up as an upward current along the tungsten electrode when the frequency was increased to 1 kHz ͓Fig. 1͑c͒, black arrows͔. This transition of the liquid geometry was explained by Hamilton's theory 10 combined with the energy conservation law. 13 The formation of this high-aspect liquid meniscus and its flow along the tungsten tip ͓electromeniscus phenomenon, Fig. 1͑c͒ , black arrow͔ enabled us to erect a CNT at any desired site on the borosilicate glass. 10 The three-dimensional ͑3-D͒ self-alignment of glass spheres was demonstrated using this electromeniscus phenomenon. The 8.2 m glass spheres ±0.8 m, Duke Scientific Corporation͒ were cleaned with acetone using an acoustic cleaner for 15 min and were dried in air. A collection of about 300 cleaned glass spheres was placed on the borosilicate glass. A 50/ 50 volume percent of ethanol and distilled water was continuously supplied to the spheres so that the openings in the spheres could hold the liquid as a meniscus. Figure 2 depicts a series of optical images of the selfalignment of seven glass spheres. Figure 2͑a͒ represents the tungsten tip ͑black arrow͒ positioned above a glass sphere randomly selected from the collection of 300 spheres. The first glass sphere became attached to the tungsten tip when a pulsed electric potential of 0.6 kV, 16 kHz was applied to the tip ͓Fig. 2͑a͔͒. The second and third glass spheres were continuously attached as a line without tangling with each other when 0.82 and 1.02 kV were applied, with the tip shifting 8 m for each ͓Figs. 2͑b͒ and 2͑c͔͒. The fourth, fifth, and sixth spheres were initially tangled with each other ͓Fig. 2͑d͒, black arrow͔. However, these spheres became smoothly self-aligned when the tungsten tip was moved by 5.7 m in the x direction and 22.7 m in the y direction, while the electric potential was increased to 1.38, 1.85, and 1.9 kV ͓Figs. 2͑d͒-2͑f͒ respectively͔. An aligned array of seven glass spheres was pulled off from the substrate of glass spheres by applying 2.14 kV of electric potential ͓Fig. 2͑g͔͒. The array of seven glass spheres could be transported to any site for assembly in various designs on the borosilicate glass ͓see Fig. 2͑h͒ , the symbol of Mercedes͔. This strategy should be beneficial for nano-and microscale surface modification of glasses using a laser. 9 The minimum electric potentials for aligning the glass spheres were experimentally measured as a function of the number of glass spheres ͑Fig. 3͒. The x and y axes represent respectively, the number of glass spheres and the corresponding minimum electric potential for pulling the spheres off from the substrate. The graph showed that the minimum electric potential was a linear function of the number of glass spheres ͑Fig. 3͒. Although the required potentials seem enormous, the magnitude can be decreased by adjusting the position of the electrodes. 13 The 3-D self-alignment of glass spheres depicted in Fig.  2 has never been achieved on the nano-and microscale. The difficulty of the alignment at these scales is attributed mainly to the size effect. In general, the magnitudes of the surface and body forces are identical when the size of the particle is around 1 mm; however, the surface force surpasses the body force when the size decreases to 100 m.
14 Therefore, in our experiment using 8 m glass spheres, surface force, which is the electrostatic force caused by the electric charge on the glass surface, 7 can be assumed to dominate the body force like gravity on the spheres. In fact, the spheres ended up just stacked randomly around the tungsten tip against gravity, probably due to the electric charge 7 in our experiments. However, the application of a liquid to the glass spheres drastically changed the situation. The liquid caused the spheres to move smoothly ͑like an accordion͒ without tangling ͓Figs. 2͑d͒-2͑f͔͒. These results strongly suggested that the application of a liquid removed the electric charge on the glass, and worked as a lubricant for smoothly aligning the glass spheres three-dimensionally. In particular, the liquid held between the openings of the glass spheres seemed to play an important role in the smooth alignment of the spheres. The assumption could be visually supported from the meniscus between spheres seen in Fig. 2͑f͒ ͑black arrow͒. Since microscale liquid generally evaporates in several seconds even in the openings of the spheres, the liquid between the spheres in Fig. 2͑f͒ ͑black arrow͒, which was held for several tenths of a second while aligning the spheres, should be electrically trapped as an electromeniscus that was gathering and holding the liquid under the tungsten tip ͓Fig. 1͑c͒, black arrows͔.
The electrically trapped liquid between the spheres in Fig. 2͑f͒ ͑black arrow͒ was considered to create not only the meniscus force 7, 14 but also additional electrical interactions at the meniscus due to its dielectricity, for tightly and smoothly aligning the spheres. In general, it is estimated that the gravitational force acting on a microscale particle ͑ϳ1 m͒ is of the order of 10 −5 N. 14 In contrast, the van der Waals force, electrostatic force, and surface tension force are between 10 −4 and 10 −3 N. 14 Therefore, the meniscus force between the spheres, which is derived by multiplying the surface tension force by the width of the meniscus, is estimated to be on the order of 10 −1 to 10 −0 N. 14 In contrast, the electrical force acting on the micro glass sphere is estimated to be on the order of 10 −0 N when several kilovolts ͑10 3 V͒ was applied between the electrodes separated by 1 mm because the force is calculated by integrating the electric field times electric flux density. 13 These comparisons demonstrated that the meniscus force ͑10 −1 to 10 −0 N͒ between the spheres and the electrical force ͑10 −0 N͒ generated from the tungsten tip are the primary forces.
However, the electric force itself could not self-align the glass spheres in our experiments without liquid. Therefore, the formation of the dielectric meniscus between the spheres, and resulting creation of the meniscus force and additional electric force at the meniscus must have smoothly and tightly self-aligned the glass spheres in Fig. 2 . Since the maximum amount of dielectric liquid is electrically attracted right under the tip due to the most intense electric field there, the most stable alignment of glass spheres should also be formed right under the tip, as shown in Fig. 2 , when the tungsten tip was continuously moved from the substrate with an appropriate electric field applied to the tip. The formation of an upward liquid flow in Fig. 1͑c͒ ͑black arrow͒ could also supply an additional liquid along the spheres for more stable alignment ͓Fig. 2͑f͒, black arrow͔.
The great advantage of the self-alignment demonstrated in this work is the accurate position control of glass spheres, which cannot be achieved by the present self-assembly techniques. The combined use of self-assembly and selfalignment of various properties of spheres could become a powerful method for surface modification and for future scientific investigations. [15] [16] [17] 1
